We report on the generation of 42 fs pulses at 1 μm in a completely fiber-integrated format, which are, to the best of our knowledge, the shortest from all-fiber-integrated Yb-doped fiber lasers to date. The ring fiber cavity incorporates anomalous-dispersion, solid-core photonic crystal fiber with low birefringence, which acts as a broadband, in-fiber Lyot filter to facilitate mode locking. The oscillator operates in the stretched-pulse regime under slight normal net cavity dispersion. The cavity generates 4.7 ps long pulses with a spectral bandwidth of 58.2 nm, which are dechirped to 42 fs via a grating pair compressor outside of the cavity. Relative intensity noise (RIN) of the laser is characterized, with the integrated RIN found to be 0.026% in the 3 Hz-250 kHz frequency range.
An intense research effort has been channeled into improving understanding and technical performance of mode-locked fiber laser oscillators in recent years. These efforts have led to the discovery of new mode-locking regimes [1] [2] [3] and new theoretical treatments [4, 5] , increased pulse energies [6, 7] , decreased pulse durations [8] , unearthed rich dynamical behavior [9, 10] , and demonstrated excellent frequency comb performance [11] . Dispersion management is often employed to reach pulse durations below 50 fs, which is implemented most commonly with bulk optical components, such as diffraction gratings, in Yb-doped fiber lasers [12] . Increased robustness against environmental perturbations remains a valuable trait, for which all-fiber integration is highly desirable. Several techniques for fiber-based anomalous dispersion have been utilized, such as tapered fibers [13] , chirped fiber Bragg gratings [14] , photonic crystal fibers (PCFs) [15] and hollow-core photonic bandgap fibers [16, 17] . Fabrication of sufficiently long fiber tapers demands great precision; chirped fiber Bragg gratings have limited bandwidth, and hollow-core photonic bandgap fibers suffer from poor matching with standard fibers. Solid-core PCFs have small mode field diameters, enhancing nonlinear effects, and usually are birefringent. The first mode-locked laser to incorporate a PCF was reported in 2002 by Lim et al. [15] . Indeed, mode locking was not self-starting, due to the residual birefringence of the PCF. Since then, a number of dispersion-managed Yb-doped fiber lasers using PCFs and all-fiber-integrated lasers have been reported. After 10 years, no all-fiberintegrated Yb-fiber laser has been demonstrated to support pulses below 60 fs [18] .
Here, we present an all-fiber-integrated, dispersionmanaged Yb-doped oscillator incorporating a segment of PCF. The oscillator is self-starting and generates pulses with a spectral bandwidth of 58.2 nm, compressible externally to 42 fs. The pulse evolution and the cavity layout had to be carefully designed to achieve this performance: the residual birefringence that prevented self-starting operation of the first fiber laser with PCF [15] is actively employed to construct an intracavity Lyot filter to ease initiation of mode locking [19] . The pulse energy is reduced to ∼78 pJ in the PCF to prevent excessive nonlinear effects. This requires an intracavity gain of 60 to reach the maximum pulse energy of 4.7 nJ, and self-similar evolution in part of the gain fiber is utilized to prevent gain narrowing.
The experimental setup is shown in Fig. 1 . The gain section of the oscillator is 1.88 m long ytterbium-doped fiber (YDF), followed by a 10% output coupler and an inline isolator. Up to 500 mW of pump light from a 976 nm pump diode is delivered via a 980∕1060 nm wavelengthdivision multiplexer (WDM). The YDF has a groupvelocity dispersion (GVD) of 35.7 fs 2 ∕mm at 1.05 μm. A polarizer flanked by two polarization controllers (PCs) implements nonlinear polarization evolution. A section of solid-core PCF with a length of 2.1 m, directly spliced to single-mode fiber (SMF) with a modified electric arc fusion method, is utilized to manage the cavity dispersion. The insertion loss is about 10 dB. The PCF has an air-hole spacing of 2.0 μm and an air-hole diameter of 1.2 μm (characterized using a scanning electron microscope), corresponding to an effective area of 3.15 μm 2 and a nonlinear coefficient of 52 W −1 km −1 . The dispersion of the PCF was calculated to be −44.8 fs 2 ∕mm at 1.05 μm using numerical simulations of the wave propagation and a model of fiber created according to the measured parameters. The other fibers, including pigtails of all components, are standard SMF with a GVD of 20.7 fs 2 ∕mm and a total length of 1.68 m. It is optimal to keep the net dispersion of the cavity close to zero for minimum pulse duration [20] . Thus, we have set it to near-zero, at slightly normal dispersion, estimated to be 0.008 ps 2 . This is necessary to support acceptable levels of pulse energy despite the exceptionally small mode area of the PCF.
We measured the birefringence of the PCF using a Sagnac loop, seeded by a homemade amplified spontaneous emission (ASE) source and consisting of a 50∶50 coupler, a PC, and a 26 m long segment of the PCF [ Fig. 1(b) ]. The Sagnac output exhibited a comb-like spectrum with wavelength spacing of 2.4 nm. Given Δn λ 2 ∕ΔλL, we deduced that the birefringence of the PCF is 2 × 10 −5 and calculated that the corresponding bandwidth of the Lyot filter is approximately 30 nm for the 2.1 m long PCF used in the mode-locked laser.
Numerical simulations based on the model described in [3] were performed to investigate the mode-locking dynamics (Fig. 2) . The pulse duration and spectral bandwidth decrease in the first half of the gain fiber, then grow essentially self-similarly until the saturable absorber. Initial compression in the PCF is followed by stretching, accompanied by spectral broadening and narrowing. The output spectra, measured after the YDF and PCF, have bandwidths of 64 and 43 nm, respectively [ Fig. 2(b) ]. Figure 2 (c) shows a 3.2 ps long pulse after the YDF with nearly parabolic shape. While the overall evolution is consistent with stretched-pulse operation [21] , influence of self-similar evolution in the gain fiber is observed due to the strong nonlinearity, which was necessary to balance gain narrowing.
Due to the filtering effect of the PCF, self-starting mode locking with a repetition rate of 35.7 MHz was obtained at pump powers above 230 mW. The pulse spectra broadened from a full width at half-maximum (FWHM) of 42.6 nm (27.3 nm) at threshold power to over 58.2 nm (38.4 nm) at maximum available pump power after the gain fiber (PCF). This broadening should continue until either multiple pulses or CW breakthrough occurs, but neither of these effects occurred within the range of our available pump power. The spectra at maximum power are shown in Figs. 3(a) and 3(b) . Average powers extracted from the couplers after the YDF and the PCF are 16.8 and 0.28 mW, corresponding to intracavity pulse energies of 4.7 nJ and 78 pJ, respectively. The width of the chirped pulse extracted from the coupler after the gain fiber was measured to be 4.7 ps [ Fig. 3(c) ]. The temporal profile of the chirped pulse was retrieved from the autocorrelation and spectrum data using the PICASO algorithm [22] . The shape is essentially parabolic, confirming the role of self-similar evolution in the latter part of the gain fiber [inset of Fig. 3(c) ]. The pulses are compressed to an FWHM duration of 42 fs [ Fig. 3(d) ] by applying dispersion of −0.044 ps 2 , which is smaller than the anomalous dispersion induced by the PCF. This implies that the pulses circulating in the laser cavity are chirp-free at a point near the middle of the PCF, consistent with the numerical simulations and stretched pulse operation [21] . The PICASO-retrieved shape of the compressed pulse is shown in the inset of Fig. 3(d) . The corresponding Fourier transform-limited pulse width is ∼27 fs. The deviation from the transform limit and the presence of a pedestal is attributed to the strong higherorder dispersion arising from the PCF. The stability of the laser was investigated using an RF spectrum analyzer and a baseband spectrum analyzer. Figure 4 (a) is a close-up RF spectrum of the fundamental repetition frequency, with a 1 Hz resolution bandwidth, showing 80 dB sideband suppression without averaging. Figure 4(b) shows the relative intensity noise (RIN) spectrum, the details of which can be found in [23] . The integrated RIN (over 3 Hz-250 kHz) is 0.026%. These results confirm that the laser has excellent pulse-to-pulse stability with no degradation compared to Yb-fiber lasers with bulk dispersion-compensating components.
In conclusion, we have demonstrated an all-fiberintegrated Yb-doped laser with an anomalous-dispersion PCF. The spectral width of the pulses is 58 nm, and the compressed pulse duration is 42 fs, which is the shortest, to the best of our knowledge, from an all-fiber oscillator at 1 μm. Mode-locked operation is self-starting and longterm stable. These results have been achieved 10 years after the first mode-locked oscillator with PCF was demonstrated, which was plagued with nonself-starting operation and limited long-term stability primarily due to the residual birefringence of the PCF. Here, the birefringence of the PCF is exploited to function as a fiber-integrated Lyot filter of suitable bandwidth for stable and selfstarting mode locking. Nonlinear spectral shaping throughout the cavity and self-similar evolution in the second half of the gain fiber are carefully managed to avoid multiple pulsing, while retaining a large bandwidth and low-noise operation, despite amplification by a factor of 60. 
